This study presents an automated registration method based on optical flow for an adaptive optics scanning laser ophthalmoscope. The method was designed to align and average images to obtain a higher signal-to-noise ratio image. A correlation based optical flow image registration method, which has large registration degrees of freedom, is adopted as a local registration method. By comparing the images before and after image registration, we show the effectiveness of our method. Furthermore, the advantage of our method, which is the containment of large registration degrees of freedom, is confirmed.
Introduction
Adaptive optics was originally invented to improve the imaging quality of astronomical telescopes by correcting optical aberrations induced by the atmosphere in real time [1] . In addition to astronomical telescope imaging, adaptive optics was also well-suited for ophthalmologic imaging to correct optical aberrations of eye. Thus, the adaptive optics technologies developed for astronomy were translated to ophthalmologic imaging for achieving near diffraction-limited resolution [2] - [8] . As an adaptive optics integrated instrument, the adaptive optics scanning laser ophthalmoscope (AO-SLO) can image the retina at the cellular level in vivo [4] , [9] , [10] , [11] . Although the AO-SLO has high imaging resolution, its signal-to-noise ratio (SNR) is low. Typically, AO-SLO images are averaged to improve the SNR. To prevent eye motion artifacts from degrading averaged AO-SLO images, AO-SLO images should be registered before being averaged. One solution to the motion problem is to add hardware-based image stabilization [12] - [19] . Although additional hardware can effectively deal with eye motion, it increases the expense and complexity of the system. Another solution is to use image processing algorithms to calculate and compensate for relative eye motion between AO-SLO images [20] - [25] . For small patches on the order of half a degree, image registration is relatively easy using simple cross-correlations [20] . For larger image sizes, more sophisticated image registration techniques are needed to remove image distortions and motion artifacts [20] . For this purpose, strip-based registration [21] - [23] , polynomial transformation model-based registration [24] , [25] , and local grid deformations based non-rigid registration [20] are proposed. Generally, more and more registration degrees of freedom are needed to correct complicated motion artifacts and improve registration accuracy.
In this study, we present another automatic image-registration-based eye motion correction algorithm for AO-SLO images. This algorithm is based on a pixel-wise optical flow image registration method [26] , which provides more registration degrees of freedom than existing software-based methods by giving each pixel two registration degrees of freedom. The AO-SLO images were first denoised by using an Empirical Mode Decomposition (EMD) based method. Second, the denoised AO-SLO images were utilized to calculate relative motions between AO-SLO images using global registration and optical flow-based local registration. In the final step, the estimated relative motion amounts were applied to the original AO-SLO images which were averaged to obtain a high SNR image. To verify the effectiveness of our method, we made a comparison between images before and after image registration. Furthermore, we compared the translational rigid registered image and strip based registered image with the image provided by our method to show the advantage of providing large registration degrees of freedom.
Methods
This section describes our automated image processing procedure for image denoising, registration, and fusion. The diagram of our algorithm is shown in Fig. 1 . The processing includes four steps: (1) EMD based image denoising; (2) global registration for correcting relative global motion rigidly; (3) local registration for correcting relative local motion non-rigidly by the optical flow method; and (4) fusion of images by averaging. In the first step, images are denoised by the EMD based method to prevent image registration from being affected by noise. In the second step, we corrected the relative global motion between images by minimizing the mean value of square differences. Later, we adopted the optical flow method to correct relative local motion non-rigidly. GPU acceleration was utilized to save the computational time of the optical flow method. In the final step, the images were fused by averaging to obtain a high SNR image.
EMD Based Image Denoising
EMD is a novel signal processing method proposed by N. E. Huang et al. for analyzing multicomponent signals [27] by decomposing the signal into a sum of Intrinsic Mode Functions (IMFs) [28] . Owing to its fully data-driven mechanism that does not require any a priori known basis [28] , the analysis of EMD is adaptive in contrast to the traditional methods where the basis functions are fixed [29] .
Consequently, we developed our AO-SLO image denoising algorithm based on EMD. An AO-SLO image (I) was decomposed into three components including two IMFs (c 1 and c 2 ) and one residual function r:
In the three components, c 1 was the first decomposed component, c 2 was the second decomposed component and r is the residual component. In EMD method, the earlier the component is decomposed, the higher frequency information it contains. According to EMD process, c 1 contained the highest frequency information, c 2 contained lower frequency information than c 1 but higher than r. To suppress noise, the high frequency component c 1 was discarded and the middle frequency component c 2 was filtered by a low-pass Wiener filter of size 3 pixels × 3 pixels. Owing to its high SNR information content, the low frequency component r is unchanged. Finally, the filtered middle frequency component and the low frequency component were added together to build a denoised image. An example of image denoising using a representative image patch is shown in Fig. 2 . As we can see in the figure, the noise was significantly suppressed after EMD based image denoising, which confirmed the effectiveness of our image denoising method. To show the advantage of our EMD based image denoising, we also presented a low-pass filtered image based on 2-level Haar wavelet transformation. As shown in the figure, our EMD based image denoising has better performance in retaining real structure of original image than the low-pass filtered image based on 2-level Haar wavelet transformation.
Global Registration
To correct large displacements between AO-SLO images, the global registration was required. For the global registration, rigid registration was performed using denoised images. In this process, we register each image to a reference image, where the image which was taken in the middle of the time sequence of images was used as the first reference image. The amount of mutual shift between the registering and the reference image is estimated by minimizing the mean value of square differences, as follows.
where x shift and y shift are estimated mutual shifts in the x and y axes, respectively; I reference are intensity values of the reference image; I regist ering are intensity values of the registering image; and N is the total number of pixels in the overlapping area. The Structural Similarity Index (SSIM) between the reference image and registered image was calculated to filter poor-quality images, which include blinking, large motion induced distortion, etc. [30] The registered image was discarded if its corresponding SSIM value was lower than 0.7.
Because any two images have an overlapping area, we have substantial freedom to choose the reference image. To have high similarity with all registering images, the image which was taken in the middle of the time sequence of images was selected as the reference image. If the reference image selection process resulted in more than half of the images being discarded, we assume that the reference image is of bad quality, then proceed to select the next closest middle image as the reference image.
Local Registration
In global registration, images are treated as rigid. However, owing to intra-image distortions induced by motion, the images were not rigid. Thus, local non-rigid registration was required to align images well. Following global registration, the registering image was locally registered to the reference image using the correlation-based optical flow method [26] .
In this method, we iteratively find the corresponding registered location in the registering image for each pixel in the reference image. The process for finding the corresponding registered location is illustrated in Fig. 3 . In this figure, we search for the corresponding registered location for the pixel located in the center of the red cross in the reference image. Specifically, we first created the red edge square window centered at the pixel. Second, we search for the most similar image window (denoted by a red dotted outline) in the registering image. It is worthwhile to note that the similarity was evaluated by the normalized cross-correlation which was not affected by the linear rescaling of image intensity as might be caused by variations in the exposure time [26] , and the searching range has maximum shifts relative to the same location in the reference image (denoted by a blue dotted outline). Using this process, we register one pixel from the registering image to the reference image. To obtain the whole registered image, we register each pixel using this process and create a registered image by assigning the registering image value to the corresponding reference image location. In our program, the searching range of shifts were from -5 pixels length to 5 pixels length, and the size of the image window was 5 pixels × 5 pixels. The window size and searching ranging were determined by the following selection criteria and search process. On condition that the window contained enough sample features for registration, the window size should be set as small as possible to accurately correct small local motions and to save the computational time. Ideally, the searching range should be set as the value of maximum motion. In practice, we gradually increased the searching range and checked the registration results to find the optimal searching range.
In using this optical flow method, we assume that the intra-window distortion did not significantly affect registration. This assumption is reasonable because the span of acquisition time and space was small and simple cross-correlations registration works for small patches, which was proved by previous research [26] .
In this local registration process, each pixel registration, and each similarity evaluation of two images, can be parallelized. Thus, the local registration algorithm was a highly parallelizable algorithm. After parallelizing the algorithm, we implemented it by GPU-accelerated computing to save the computational time. To show the effectiveness of our GPU acceleration, we compare computational time before and after applying GPU acceleration. The computational time was examined with an Intel Core i5-9400 CPU operating at 2.90 GHz, NVIDIA GeForce GTX 1660 Ti graphic card, and 16.0 GB RAM, and the processing program was written in MATLAB (64-bit) and CUDA 10.0. The computational time comparison is shown in Table 1 . As shown in the table, the computational speed was much faster after applying GPU acceleration owing to the highly parallelized program.
Results
We used AO-SLO with a 30 Hz imaging rate to demonstrate the optical flow image registration based imaging of posterior eyes. The field of view (FOV) is 1.5°on the human retina with a frame size of approximately 512 × 449 pixels. Thus, a transverse area of approximately 445 μm × 445 μm was scanned by assuming a focal length of 17 mm for the human eye. The details of the system are described in [31] . Drops of tropicamide (1%) and phenylephrine hydrochloride (2.5%) were administered to dilate the pupil to a diameter of 6-8 mm. All light exposures adhered to the maximum permissible exposure limits set by the American National Standards Institute [32] .
To evaluate the effectiveness of our method, five eyes from five subjects were measured by our method. Our registered method successfully registered these five data sets, with each data set containing 20 images. To show the effectiveness of our method, we compared the reference image with the image provided by our method. As shown in Fig. 4 , the image provided by our method has higher image quality ( Fig. 4(b) ) than the reference image ( Fig. 4(a) ). To quantify SNR improvement of my method, we calculated estimate noise level (ENL) [33] for the reference image and the image provided by our method. The ENL value of the image provided by our method (0.0100) is much lower than the ENL value of reference image (0.0380), which further confirm the effectiveness of our method.
To show the effectiveness of our optical flow based local registration method, we compared the translational rigid registered images (provided by global registration only) with the images provided by our method. These images are shown by fly-through movies (Visualization 1 and Visualization 2).
As shown in the movies, the images provided by our method has higher registration accuracy (Visualization 1) than the translational rigid registered images (Visualization 2) which includes obvious motion induced distortions. To quantify registration accuracy improvement of my method, we calculated SSIM for the images provided by our method (Visualization 1) and the translational rigid registered images (Visualization 2). The average SSIM values of images provided by our method and the translational rigid registered images are 0.3780 and 0.4418, respectively, which confirm the effectiveness of our local registration.
To show the advantage of our optical flow based local registration method, we compare it with a strip based local registration method. In this strip based local registration method, the registering image was split into four parts and then these four parts were rigidly registered respectively and merged to obtain final registered image. In this comparison, two AO-SLO images which were registered by using our global registration method were used as inputs of two local registration method, and these images were showed in Fig. 5 . The reference image is shown in Fig. 5(a) . Global registered image is shown in Fig. 5(b) . Strip based registered image is shown in Fig. 5(c) . Optical flow registered image is shown in Fig. 5(d) . To clearly show the registered accuracy, we magnify the images (lower right-hand corner) and compare the registered images with reference image by magenta-green composition (upper right-hand corner). As green and magenta are complementary to each other, magenta-green composite image is gray if the original images are perfectly match. As shown magenta-green composite images in Fig. 5 , the global registered image shows some mismatches with the reference image. These mismatches are slightly reduced in the strip based registered image. By using optical flow registration, these mismatches are mostly removed and the composite image has nearly gray appearance. To quantify the advantage of my method, we calculated SSIM between reference image and the registered image. The SSIM values of the global registered image, the strip based registered image and optical flow registered image are 0.4380, 0.4683 and 0.5506, respectively. These values accord with our comparison using magenta-green composition, which show the advantage of our optical flow based local registration method.
Discussion
Owing to the high complexity and randomness of fixational eye motion, which includes saccades, drifts, and tremor, the eye motion induced AO-SLO image distortions are difficult to model. Thus, large registration degrees of freedom are needed for accurately registering AO-SLO images. We demonstrated an optical flow based image registration method aimed at aligning AO-SLO images with complex distortions by using large registration degrees of freedom. Utilizing these accurate registration results, we obtained high SNR AO-SLO images for in vivo retinal imaging. As a topic for future research, the correlation-based optical flow method has the potential to be used to stitch narrow-field AO-SLO images to obtain a wide-field AO-SLO image.
Conclusion
We proposed a method for image registration of AO-SLO images. The eye was scanned by AO-SLO with a FOV of 1.5°, and the relative global shifts and relative local distortions were canceled by global registration and optical flow based local registration, respectively. By confirming the effectiveness of our method and comparing images from our method with a translational rigid image registration, we conclude that our method can provide high SNR AO-SLO images of the in vivo posterior eye and has the advantage of large registration degrees of freedom which can be used to align images with complex distortions. This method may be helpful for standard ophthalmic examinations as well as the study of ophthalmology.
